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SECURITY  INFORMATION 

KfeST  fiiCT  ED 

PREFACE 

In  recent  years,  the  trend  of  airborne  radars  has  been  toward  shorter 
and  shorter  wavelengths  -where  the  atr»spnere  becomes  increasingly  icore 
opaque  and  weattar  clutter  becomes  increasir^ly  more  firequent  and  intense. 
Since  either  or  both  of  these  factors  ray  seriously  limit  the  use  of  such 
shcrt  waveler^ths,  an  assessment  of  their  magnitudes  is  of  considerable 
importance.  A comprehensive  evaluation  of  this  scrt  was  made  by  Hyde 
(194*6)  -who 3e  -work  remains  as  the  one  outstanding  authoritative  reference 
in  this  field. 

Ryde  concerned  himself  with  the  extremely  broad  problem  related  to  the 
detection  of  targets  in  and  through  clouds  and  precipitation.  His  interest 
included  the  wavelength  r -gion  from  1-10  cm,  with  emphasis  on  the  upper 
end  of  this  band.  Among  other  things,  he  considered  the  basic  scattering 
and  absorption  cro.:s-scctions  of  the  various  atmospheric  constituents  and 
applied  these  to  the  computation  of  the  magnitude  of  the  echo  intensity 
and  attenuation  due  to  each  component  individually.  Although  Ryde '3  work 
is  applicable  almost  in  its  entirety  today,  the  results  of  more  recent 
research  should  be  aaded,  and  minor  modifications  made.  In  addition, 
detailed  consideration  should  be  given  to  the  wavelengths  shorter  than 
3 cm,  the  region  which  is  just  now  being  fully  exploited.  Finally,  it  is 
of  same  practical  interest  to  evaluate  the  cumulative  effects  on  the 
atmosphere's  trar<cj>arency  of  the  various  atmospheric  constituents  in  the 
amounts  and  combinations  which  are  likely  to  be  found  under  typical  or 
extreme  weather  condition.:.  These  are,  in  essence,  the  objectives  of  this 
report. 
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In  Part  I*  Mar  hall,  3ast,  and  Gunn  ’.ave  uitie  a fairly  comprehensive 

( 

surrey  of  the  state  of  knowledge  of  acnt.tering  and  attenuation  by  the 
atmosphere.  This  includes  some  previously  unpublished  and  inport ant  work 
by  Haddock  (1946).  It  contains  in  direct  or  indirect  fom  the  answers  to 
most  of  the  3olvat>le  jrobiems  which  lave  been,  or  may  bet. raised  in  this 
general  field.  Hoover,  an  all-inclusive  study  would  require  practically 
a complete  repetition  of  Hyde1 s excellent  1946  paper.  Because  of  uhc 
comprehensive  nature  of  the  latter  paper,  it  is  recftxendod'  that  this 
report  be  used  in  conjunction  with  it.  Wherever  the  present  work  supersedes 
Hyde's  paper,  by  virtue  of  the  use  of  more  recently  determined  constants 
or  theoretical  information,  it  will  be  specifically  mentioned. 

Perha;  3 a statistical  stuoy  as  that  rade  by  Bussey  (1950)  would  be 
of  some  practical  utility  to  those  interested  in  the  average  effects  of 
the  atmosphere  on  micro wove  transmission.  In  that  study,  Bussey  computed 
the  frequency  with  which  various  Attenuation  coefficients  could  be  expected 
to  be  exceeded  in  the  vicinity  of  Washington,  D.C.  Th#  rssults  depend,  of 
course,  on  the  local  rainfall  and  water  vapor  statistics  although  thsy  ray 
be  extrapolated,  with  caution,  to  areas  of  similar  rainfall  regimes.  The 
information  is  restricted,  furthermore,  to  the  lower  layers  of  ths  atmosphere. 

The  present  and  potential  uses  of  microwave  techniques  by  the  Air  force 
generally  involve  transmission  through  the  vertical  dimension  of  the  atmos- 
phere. Since  the  vertical  distribution  of  ths  several  attenuating  elements 
(rain,  snow,  clouds,  oxygen,  and  water  vapor)  is  generally  very  complex,  and 
since  few  statistics  are  available  on  the  frequencies  with  which  they  occur 
in  various  combinations,  no  satisfactory  estimate  can  presently  be  nade  of 


tt»  anoint  of  tine  during  ifcich  losses  of  certain  magnitude  can  be  expected. 
Instead,  in  Part  Q of  this  report  an  attempt  baa  been  made  to  select  sqm 
typical  idealised  cloud  and  precipitation  conditions  and  to  compute  the 
resultant  opacity  of  the  atmosphere  in  each  Case.  The  reader  may  then  select 
one  or  acre  of  these  models  and  corresponding  losses  as  typical  of  the 
average  or  extreme  conditions  under  which  his  radar  may  be  required  to  operate. 
Such  an  approach  to  the  problem  may  well  result  in  a better  estimate  of 
typical  losses  than  a statistical  survey  which  is  based  on  the  necessarily 
crude  use  of  scanty  data. 

The  weather  models  of  Part  II  are  based  primarily  on  physical  considera- 
tions, and  are  therefore  largely  independent  of  geographical  location.  The 
frequency  of  occurrence  of  each  type  of  situation  may  vary  widely  from  place 
to  place,  but  no  attempt  has  been  rude  to  treat  such  climatological  problems. 
However,  the  cloud  annuities  anu  rates  of  precipitation  have  been  described, 
by  adjective  ratings  of  "high,  low,  or  moderate"  corresponding  roughly  with 
conditions  generally  observed  in  temperate  United  States. 

An  Appendix,  a report  entitled  "Calculated  Sensitivity  of  Airborne 
heather  Radars",  became  available  during  the  publication  process.  Acknowledg- 
ment is  made  to  J.  S.  Marshall  and  Valter  Hitsehfeld  of  McCiil  University  for 
this  paper.  The  original  work  was  performed  under  joint  sponsorship  of 
Aeronautical  Radio,  Inc.,  and  the  Air  Transport  Association  of  America. 
Aeronautical  Radio,  Inc.,  has  kindly  granted  peir lesion  for  reproduction  of 
this  paper  as  an  appendix  to  this  report. 

The  authors  are  indebted  to  Mr.  Ralph  J.  Donaldson  for  valuable  criticism 
and  editing. 
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1.  IJmttDUCTICH 


In  the  cooperatively  new  subject  of  radar-meteorology,  the  theoretics?, 
peper  by  Hyde  (1946)  stands  out.  In  it  he  predieted  the  beck -scatter  and 
attenuation  by  meteorological  phenomena,  and,  in  almost  every  respect,  the 
results  obtained  in  experiments  have  con fi need  the  predictions.  The  present 
contribution  will  review  the  theoretical  problem  in  the  light  of  developments 
in  the  years  that  have  elapsed  since  Ryde's  work  was  done,  and  with  reference 
to  the  experimental  results. 

Meteorological  radar  equipment  provides  infnrnation  about  the  stricture 
or  pattern  and  about  the  quantity  of  precipitation.  Thie  peper  will  not  be 
concerned  with  the  structural  information  obtained,  but  will  consider  the 
scattering  fro*  a snail  region  in  which  the  properties  of  the  precipitation 
can  be  taken  to  be  uniform,  and  the  attenuation  taken  along  a path  of 
propagation  as  a whole. 

Plane  electrwaiyiet.ie  waves  travelling  through  air  containing  precipi- 
tation are  scattered  and  absorbed  b7  the  particles  of  lee,  snow  or  water. 

Ice  particles  scatter  so me  of  the  radiation  in  all  directions,  but  in  moat 
cases  of  Interest  do  this  conservatively,  without  converting  any  into  thermal 
enenc',  since  ice  is  very  nearly  a perfect  dielectric.  Mater,  with  its  larger 
dielectric  constant,  scatters  nore  strongly  than  ice;  in  addition,  it  has 
considerable  dielectric  loss  and  a large  part  of  the  attenuation  by  rain  is 
due  to  thermal  dissipation. 

Three  quantities  with  the  dLaenaions  of  area  are  derived  for  a particle 
in  the  path  of  a olane  travelling  wave.  The  back-scatter  cross-section  ^ is 
defined  in  such  a way  that  4*  multiplied  by  the  incident  intensity  would  be 


the  total  power  radiated  by  an  isotropic  sour-*  which  radiates  the  mm  power 
ir.  the  backward  direction  as  the  scatterer.  The  "scattering  eroas-aection" 

Qg  is  such  that  Q#,  Multiplied  by  the  incident  intensity,  is  the  power 
scattered  by  the  particle.  The  "total  absorption  cross-section"  is 
such  that  Qt  tines  the  incident  intensity  is  tne  totol  power  taken  from 
the  incident  wave. 

The  scattering  propertiss  of  precipitation  have  made  possible  extensive 
use  of  Microwave  radar  sets  for  meteorological  purposes.  The  radar  signal 
from  precipitation  is,  however,  not  steady  like  that  from  a point  target. 

The  recei fed  power  at  any  instant  is  made  up  of  the  resultant  of  the  slfnala 
from  a very  large  number  of  particles,  and  depends  on  their  exact  arrangement 
in  apace,  which  is  being  continually  changed  by  the  turbulent  notion  of  the 
air.  Marshall  and  Hitsehfeld  (1952)  have  shown  that  an  instantaneous  obser- 
vation of  received  power  gives  very  little  information  about  t,-,e  precipitation, 
and  the  signal  at  any  given  range  has  to  be  Averaged  until  a largo  n’ tribe  r 
of  independent  returns  have  been  received. 

This  can  be  arranged  by  usin?  a long-persistence  display  or  by  photo- 
graphic recording  so  that  the  returns  from  many  transmitter  pulses  are 
combined. 

The  equation  for  the  average  received  power  Pr  is 


where  is  the  transmitted  power, 

h is  the  length  of  the  pulse  in  space, 
r the  range  from  which  the  signal  is  being  received, 

Ae  the  equivalent  antenna  aperture, 

the  total  back-scatter  cross-section  of  the  particles  in  unit  volume. 
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The  recoi'  ’-d  rower  Is  nponorti  >rv.l  to  h n that  the  NMitivtty  of 
the  nystew  ear.  he  increased  by  lengthening  ♦.he  trenseitter  pulse.  (If  this 
change  is  scconr-anted  by  a reduction  In  receiver  b-ndvidth,  a further  isorovc- 
Mat  in  aigMl-to-aolne  ratio  is  obtained.)  However,  the  rent*  resolution  is 
correspondingly  reduced.  Increasing  At,  on  the  other  hand,  isproves  bath 
sensitivity  and  angular  resolution,  so  that  the  antenna  i*  -aide  as  large  as 
practicable: 

The  equivalent  tuertnrs  A#  is  less  Utah  the  tctual  area  of  the  antenna 
for  two  reasons.  Firstly,  not  ell  the  power  ooadryt  froe  the  prienry  Teed 
falls  inside  the  parabolic  reflector,  neither  ie  tit*  distribution  of  power 
ehifoiM  aeroee  the  aperture  (see  e.(.  Silver  (1949)  section  4,4).  In  noraal 
redar  systsM  the  effective  aperture  A*  for  a point  target  is  about  65-  of 
the  actual  aporturv.  The  second  reason  which  applies  but"  to  distributed 
targets  affects  wither  radars.  Sons  of  the  ndiated  -xr.or  goes  into  side* 
lobes  and  the  elgta  of  the  nsln  beau,  and  thoudi  all  of  it  strikes  preclul tailor. 
s:ae  n?  the  rotumod  cow#-  owns  fron  directions  to  which  V - art-mss  Is  loss 
sensitive  fnf  reception.  This  aeons  that  trie  ?v«r-  ’o  r.iC-*!  vine  apert.ifi  A# 
for  all  parts  of  the  target  Is  le«n  then  A1,  Vue  Value  for  ti»  central 
portion. 

The  fact,  that  the  target  nonwll”  fills  t.hc  ms*  at  any  ran-’e  vjco'ints 

■V 

for  the  inverse  square  law  for  reeoived  rower  versus  ran’**  in  place  of  ttw 
usual  fourth  oowor  law  for  a point  Urjet  such  as  ah  aircraft.  Though 
erpir.tion  (1,1)  does  lot.  auntior  wavelength  explicitly,  if  increases  fsnidly 
as  it*  wavelength  decreases,  as  discur/  od  in  the  next  section. 


It  will  be  shown  in  oction  3.2  that  for  wavelength  \ long 
coanared  with  the  diameter  D of  the  particles,  the  approximation 

m - rtlfi 


(1.2) 


can  be  used,  where  |K|2  depends  on  the  dielectric  oonstant  of  the  material 
and  varies  only  slowly  with  wavelength  (chapter  2).  Pros  (1,1)  and  (1.2)  we 

Tr  - £ * |K|J.  (1.3) 

Ar2  >>  1 


3o  fer  we  have  neglected  the  attenuating  effect  of  any  precipitation 
through  which  the  signal  my  have  to  pass. 

The  intensity  of  plane  parallel  radiation  in  traversing  distance  x 
through  unifom  precipitation  is  reduesd  from  Iq  to  1,  whore 


I • I„  «P  {-x  £ Qt| . 

The  summation  i3  over  all  the  particles  in  unit  volume, 
the  attenuation  per  kilometre  of  path  length  is 


(1.4) 

In  practical  units, 


attenuation  (db/km) 


0.4343  iQt. 


(1.5) 


where  the  sar/nation  is  over  one  cubic  metre  and  is  now  in  cm2.  Kor 
thn  cuse  of  wavelength  long  compared  to  the  drop  diameters  (section  3.2), 
we  can  use  an  approximation  for  equation  (3.7),  so  that  equation  (1.5) 
becomes 

attonuatior  (db/km)  - 0.4343  ^ Im  (-*).  (1,4) 


For  r>dar,  the  radiation  travels  there  and  back,  so  the  numerical  constant 
should  he  doubled  to  obtain  decibels  per  kilometre  of  range. 
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2.  R^FRvr^fF.  i»ioa 

To  calculate  tho  w*Urir»  wid  attenuation  of  si— tm—  file  —s 
by  tnrtieloo  !n  tho  stus rbm,  one  noot  know  tho  \altsos  of  tho  eotoploa 
dislertric  eoastaet  # for  tho  tec.poreturs  tort  w\—lor.>ths  or Tor  ooo«l,*m;tf.oo. 
TVs  r -are  root  of  tho  dioloetrie  rottaOt  a wsjr  bo  written 

i • # • i X » 

<horo  a is  ti*«  refractive  Index  end  X tho  absorption  eoe*fieic-Th  or  tho 
nat^r'ai.  Tn  ^"oral.  tbo  scatterir’  and  \ttsf  ratio'’  aro  eowlicoted 
'ur'tioos  of  s (chanter  3),  but  in  the  special  c «so  of  soeele*^th  long  case 
firs'!  to  dianeier, 

hoek-»cat*or  sfcltf  (1.3) 

ottoroatlon  |f  la  (-K)  (1.6) 

sd-sro  I - aiLii. 


For  a given  substar  » a is  a function  of  wavelength  and  tnyrstun. 
Saxton  (1946)  nsasurad  valuas  of  n and  i\,  for  water  at  a few  wavsl««ttes 
and  calculated  otbsr  values  In  ths  eentimetrie  band,  for  tenperatu ros  fro* 

CP  to  UPC.  Recently  Lans  and  Saxton  (1952)  h'vs  rs ported  additional 
moasurinsnta  at  a lower  wavelength  (6.2  as)  and  sons  acre  accurately  deter- 
mined values  at  1.24  and  3.2  on.  4s  wall,  they  have  determined  values  of  k, 
for  supercooled  water  down  to  -0°C  at  three  wavelengths  (see  section  4.3). 

la  table  2.1,  the  variation  of  the  refractive  Index  with  tenpsmture 
and  wavelength  is  shown,  and  the  quantities  In(-R)  and  K 2 have  been 
calculated.  Values  for  n and  K,  are  taken  fron  Kerr  (1951)  for  10  em  wave- 
length, and  directly  fron  Lane  and  Saxton  (1952)  for  the  other  wavelo^Us. 

Measurements  of  the  quantities  n and  K,  for  iee  show  that  in  ths 
centimeter  band  both  n and  K,  are  practically  independent  of  X.  Dunsmalr 
and  Lanh  (1945)  and  Lanb  (194')  found  JC  to  be  a very  wall  quantity, 
ranging  fror>  1.2  x NT*  at  OC,  through  1.9  x 10*6  at  -20C  to  1.3  x 10*6  at 
-40C.  More  recent  neasurements  by  Cunning  (1952)  give  values  for  k>  roughly 
twice  those  of  Lash;  Cunning1  o value  at  -12C  agrees  with  one  obtained  at 
that  temperature  by  the  MIT  Dielectric  Laboratory  (Cunning  1952).  Beth 
Cunning  and  Lanb  and  Turney  (1949)  agree  on  a value  of  n • 1.7S  for  lee, 
constant  over  the  teaperature  range  0 to  -20C.  The  refractive  index  data 
for  lee  is  sunns rised  in  Table  2.2. 

Snow  nay  be  eoneidered  as  a mixture  of  two  dielectrics,  ice  and  air. 

“~rdln‘ 10  <l,2,>*  - - th*  -*•  5 " * 

two  dielectrics  by  adding  the  & values  for  the  two  substances  in  proportion 
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Tabl*  2a 


fariatiaa  of  Bafraetiva  ladax  of  U4TOI  with  Taaparatara  and  Wavalaactk 


f®C  /*  <* 

10 

3.21 

1.24 

0.62 

20 

a.at 

804 

605 

4*44 

10 

9.02 

7.80 

5.45 

3.94 

a 

0 

8.99 

7.14 

4.75 

305 

*• 

6.4 8 

4.15 

3.10 

20 

0.63 

2.00 

2.86 

2.59 

l0  io 

0.90 

2.44 

2.90 

2.37 

0 

107 

2.89 

2.77 

2.04 

2.55 

1.77 

20 

.,*28 

.9275 

.9193 

.8926 

III*  W 

.9313 

.9282 

.9152 

.8726 

0 

.9340 

.9300 

.9055 

•8312 

•8 

.8902 

.7921 

20 

.00474 

.01883 

.0471 

.0915 

* 1° 
T_  /jr\ 

.00688 

.0247 

.0615 

.1142 

"W  . 
0 

.01102 

.0335 

.0807 

.1441 

-8 

.1036 

.1713 
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to  tbo 


to  tbo  an  of  ooob.  Moglt  tine  tha  contribution  of  l for  ilr,  than 

for  loo  of  sag  danalty  lo  practically  eoootont.  Ci—Jig  (1992)  undo 

nsasursosoto  of  tbo  dioloetrie  constant  of  snow  of  various  dsnsltloo.  Doing 

bio  Dots  ons  f laris  that  l vsriss  sort  or  loss  uaifomly  from  0.4b  for  los 

P 

of  donsily  0.91?  go  a” 3 to  0.90  for  dsnsity  0.22  p«*3, 


Tabls  2.2 

farlatlon  of  ftofnctlvo  Indwt  of  ICR  with  Tanporaturo 
(basod  on  data  frost  Cuaadag,  1992) 


Ia<-f  ) 


1.78 

2A 

X iorJ 

7.9 

X 10T* 

9.9 

x \0“6 

0.197 



9.6 

x 10-6 

3.2 

* 10-6 

2 a 

x 10*6 

At  all  tsnporaturso 


At  all  tsoporsturoo.  Tbls  lo 
for  let  of  unit  dsnalty,  tbs 
valuo  to  bo  uood  wboa  0 lo 

dlaostsr  of  nsltsd  loo  partial* , 
in  aquation  (1.3)  Marshall  and 
Own  (1992)  . 


wa 


3.  sphfr:~al  particles 


lAJtttliJtoi 

A complete  theory  for  spherical  particles  of  any  material  in  a non* 
abeorbii*  medium  mm  developed  by  Gustav  Mie  (1906).  Kie’s  work  has  been 
reetated  by  Stratton  (19 41)»  Goldstein  (1946)  and  by  Kerr  (1951).  Using  the 
notation  of  theee  later  workers,  the  cross-sections  of  a spherical  particle 


are 


T (-Dn  (2n  ♦ 1)  (a„ 

Ux  I n.l 

(2n  ♦ 1)  (Kl2  ♦ 

2ri  n-1 

2 ^ 

•nd  Qt  • it  (-«•)  £,  (2n  ♦ l)  (»« 
^ n«l 


- 

(3.D 

(3.2) 

♦ »»> 

(3.3) 

where  X » wavelength  in  the  aediua, 

a||  • coefficient  of  the  nth  magnetic  node, 
bjj  • coefficient  of  the  nth  electric  node. 

The  coefficients  aJJ  and  bR  are  given  in  Appendix  II  in  terns  of 
Sphsrieal  Bessel  Functions  of  order  n.  The  argunents  of  the  functions  are 
and  n and  contain  the  properties  of  the  sphere  and  the  wavelength.  The 
quantity  ~,  where  D is  the  disaster  of  the  sphere.  The  quantity  ■ 
is  the  complex  refractive  index  of  the  material  relative  to  the  medium,  and 
■ • n - JU  where  n is  the  refractive  index,  and  I i,  the  absorptive  index. 

Equations  (3.2)  and  (3.3)  have  been  computed  by  Lowan  (1949)  for  water 
spheres  at  18°C  for  various  wavelengths  between  3 wra  and  10  ea. 
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By  expanding  the  4’a  and  b'»  in  aaeending  ordar  of  OL  for  n • 1,  2**., 
formlae  for  Q,  and  can  be  obtained  which  apply  to  Mall  valuee  of  dC  . 
Neglecting  tons  of  higher  than  sixth  powor  of  * , only  a^,  b^  and  b„  aro 
significant,  and  thoy  aro 


aj  - - -t  («2-l)  «t5 

£**-?■£**) 


O.U) 

(1.4b) 

duo) 


For  disasters  snail  conpared  with  tho  wavelength,  wo  can  obtain  ippronl- 
nato  fonalao  for  9~mad  Qg  by  putting  «C4tl  into  thoso  equations.  Than, 
only  tho  loading  tom  of  b^,  tho  eooffioiont  of  tho  first  slsotrls  nods,  nssi 
bo  considered,  and  tho  contribution  to  F“  and  Q,  of  all  higbor  ardor  tons 
in  tho  a's  and  b's  can  bo  nogloctod.  Tho  resulting  fonmlao  ars  known  as 
tho  Rsyloigh  approxinations: 


(3.5) 

(3.4) 

Tho  total  absorption  crooa-soction  is  {iron  by  aquation  (1.3)  in 
which  tho  real  parts  of  the  coefficients  dt  and  b hare  to  bo  obtainod. 

In  this  case,  however,  it  does  not  always  happen  that  the  loading  tom  in  b^ 
contributes  tho  nost  to  Q^.  Indeed,  if  a is  purely  real,  the  ci}  and  eO 
tom  of  b^  are  ina ginary  and  contribute  nothing  to  Q^,  and  of  tho  tonss 
listed  in  equation  (3.4)  only  tho  e<*  tom  of  b^  will  appear  in 
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At  this  • ige  it  is  convenient  to  introduce  s fourth  cross-section  Qg, 
tbs  absorption  cross-ssction,  tc  account  for  tho  power  taken  froa  the  incident 
uses  which  is  dissipated  internally  as  heat  and  not  scattered;  it  is  siaply 
Qt  * Qg.  Putting  s(4Cl  the  contribution  to  of  the  tens  in  b^,  is 
the  seas  as  the  leading  tens  in  Qg,  so  that  this  tens  does  not  appear  in  Qg. 
Then  the  leading  tern  in  Qg  is  given  by  (3.6)  and  the  leading  term  in  Qg 
coees  froa  the  $ <,■*  tern  in  h^  and  is  given  by 


and,  of  course. 


♦ V 


(3.7) 


(3.i) 


For  a pure  lossless  disleetrie  Q(  • 0 so  that  Qt  • Q^  and  is  given 
by  (3.6).  For  a very  lossy  dielectric  like  water  and  particle  sises  such 
that<«l,  Q,«<^  (figure  3.2)  so  that  ^ • Qg  and  is  given  by  (3.7). 
For  1st  »t  0C  and  in  the  site  range  of  snowflakes,  at  eentiaetre  wavelengths 
Qg  and  Qg  are  coaparable  and  both  aust  be  calculated;  Q^  is  their  sun. 


F.  T.  Haddock  (194S)  has  eoaputed  for  water  at  1«°C  the  ratio  between 
Qt,  calculated  froa  Lowan's  (1949)  Bureau  of  Standards  tables,  and  Q*,  cal- 
culated froa  equation  (3.7).  This  ratio  Q^KieVQ^Rayleigh)  is  plotted  in 
figure  3.1  for  various  wavelengths.  Ryde's  (1946)  figure  3 is  a siailar 
plot,  but  of 

f. h25S 

* geoaetrical  cross-section 
for  a wavelength  a little  over  1 ea. 
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ttfr  cm  jKsrpret  Umm  whm  a little  farther  by  aaalaiag  the  relative 
■fdMai  o € tht  Um  ia  •qHtioe  (3.1).  For  oaarlt,  fur  Motor  at  lift, 
aoi  X • 3.0  a,  w fiad  that  tte  porta  of  Uo  *’»  and  b's  affecting 

”*  !•  [aj]  • * 0.7W  at5 

to  [bj  - (0.0121  aC3  * 0.0160  at5)  ♦ 0.U1  at6 
So  [bj  • - 0.000515  at5 

op  to  at*. 

la  1««  aa  So  [bj]  is  aefc  creator  then  te  [oj],  oaly  the  at3  torn 
la  lapsrta*,,  tet  at  at  - 0.131,  2a  fol  ■ So  [bj],  so  that  is  aboat 
fades  tko  laylslgb  solos.  Aa  K laersasoa  teyoad  this,  ^ toad*  to  ao 
H5  law,  swtil  otter  toms  tew  wars  isperust. 

Tte  rofloo  of  aC  la  didt  tht  exact  vain*  of  ^ ?iws  by  (3.3)  and  the 
■pprwrtaati  wlw  give*  by  •mtioa  (3.S)  £i.e.  by  (3.6)  • (3.7) J u*  nearly 
■ •pal  is  kaooo  as  tte”tayloigJi  rtfioa  for  attoasatioo”.  The  diaseters  of 
cload  particles  an  wall  inside  this  region  for  all  wavelengths  dam  to  3 w. 
Sain  will  te  difemsed  is  aoetfao  4. 

Tte  correspond!*;  iltutlaa  for  back-scatter  is  *tee  also  i=  figure  3.1. 
ters  is  plotted  against  at  for  nrioos  wavelengths.  We 

atell  define  tte  "Sayieitb  region  for  back-scatter*  as  tte  region  for  skids 
this  ratio  lias  batmen  ) sad  2.  It  Mill  te  seers  that  for  WTtltagtbi  no  to 
17  m,  tte  ratio  stays  within  those  limits  up  to  aboot  X • 1,  where  it  falls 
rapidly.  Sowsoor,  at  laager  wavelengths  the  ratio  first  rises  beyond  2 so 
that  tte  region  only  exleads  to  eO  0.4  or  less. 
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At  17  aa  waveleng  h,  the  Rayleigh  rcrlon  M defined  here  extends  to 
6 as  disaster  end  includes  oil  no  real  raindrop  sites.  At  shorter  wavelengths, 
the  limit  occurs  st  smaller  disasters,  so  that  at  A.  • 3 m,  on]/  psrtlelos 
less  than  1 an  disaster  are  inside  It.  At  3 ca  wavelength,  the  region  is  also 
reduced,  extending  onli  to  3 m disaster,  but  st  A.  • 10  oa  it  oovers  all 
raindrop  sixes  so  that  the  approximate  formula  can  be  safely  used  on  rain. 

The  ratio  Qs/\  for  water  at  lfl°C,  that  is  the  propertion  of  the  total 
absorption  cross-section  which  is  due  to  scattering,  has  been  ooaputed  frea 
Lowsn's  (1949)  tables.  This  is  presented  in  figure  3.2  for  values  of  et  up 
to  $ (i.e.  covering  a range  of  disaster  up  to  0.6  ea  and  wavelengths  froa  3 an 
to  10  ea) . It  will  be  seen  that  the  curves  very  roughly  coincide,  so  that  for 
disasters  and  wavelengths  where  e(  • 0,8  this  fraction  is  300,  and  where 
- 0,5  the  fraction  is  250.  There  seeas  to  be  no  obvious  physical  reason 
for  this  result. 


FIG.  3.2  - Ratio  of  scattering  to  total  cross-sections  for  water  spheres. 


3 .A  Water-Coat  i lew  Spheres 

Aden  and  Kerker  (1951)  extended  Mia's  theory  to  concentric  spheres. 

* 

Langleben  and  Gunn  (1952)  have  applied  this  extended  theory  to  spheres  of 
ice  coated  with  water  in  the  region  *£<  1.  They  consider  a sphere  which 
changes  gradually  from  all  ice  to  iee  coated  with  water,  and  finally  to  all 
water,  maintaining  constant  mass.  The  calculated  cross-sections  for  such  a 
particle  are  plotted  against  the  ratio  of  the  mass  of  water  to  total  mass  in 
figure  3.3  for  3 -*  wavelength  ar.d  1.2  m diameter  initially.  As  the  thickness 
of  the  water  coating  increases  froa  sero,  the  quantities  r,  Q,  and 
all  increase  rapidly  froa  their  values  for  ice;  when  the  sphere  is  still  70t 
iee  (so  that  the  water  thickness  is  less  than  one-tenth  of  ths  total  radius) 
4Tand  Q,  are  already  nearly  equal  to  those  for  the  all-water  sphere. 

Earlier  still,  reaches  a maximum  value,  about  twice  as  great  as  that  for 
water.  No  simple  explaitftion  can  be  offered  as  yet  for  this  extremely  rapid 
increase  of  the  attenuation  to  twice  the  all-water  value.  For  other  wave- 
lengths and  diameters  in  the  Rayleigh  region,  the  curves  for  Qs,  7~  and 
are  very  similar  to  those  of  figure  3.3.  For  larger  values  of  «t,  the 
scattering  cross-sections  do  not  rise  so  early,  and  does  not  show  such 
an  extreme  behaviour. 


Langleben,  M.  P.  and  K,  L.  S.  Gunn,  1952:  Scattering  and  absorption  of 
microwaves  by  a melting  ice  sphere.  Stormy  Weather  Research  Group,  McGill 
University,  Scientific  Report  MW-5,  under  I'SAF  Contract  AF  19(l22)-217. 
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PIG,  3,3  - RolatlvH  cross-sections  of  water-coated  ice  spheres* 
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4.  RA*ii 


4. 1 Drop  Sise-Distributlons 

Where  Rayleigh  theory  is  Applicable,  radar  can  be  used  to  Measure  the 

quantity  £.  tfi.  A more  significant  quantity  Meteorologically  is  the  rainfall 
1 , 

rate,  R • p iv  (where  vD  is  the  terminal  velocity  of  a drop  of 
diameter  0) . To  relate  the  two  quantities  the  drop  sise-distribution  auat  be 
observed.  Distributions  for  rain  at  the  ground  have  been  determined  in  various 
parts  of  the  world,  and  the  distribution  law,  the  water  content  M,  the  rain* 
fall  rate  R,  and  the  radar  quantity  Z can  all  be  related  empirically. 

(For  example,  see  Wexler  (1948),  Marshall  and  Palaer  (1948),  Hood  (1950)  etc.) 
Various  workers  have  calculated  simultaneous  values  of  Z and  R from  the 
distribution  of  drop  sises  obtained  on  a horisontal  surface  (e.g.  Marshall, 
Langille  and  Palaer,  1947) . Then  froa  a number  of  such  simultaneous  values 
plotted  on  log-log  paper  a locus  of  best  fit  for  the  data  of  the  fora 
Z - aRb  can  be  computed.  There  have  been  aany  such  Z/R  relations  quoted 
in  the  literature  in  the  past  ten  years,  which  give  a wide  range  of  Z values 
for  a given  R.  Out  of  these,  the  authors  have  found  eight  relations  which 
are  based  on  measurements  using  raw  drop  size-distribution  data.  These,  along 
with  pertinent  information,  are  included  in  Table  4.1. 

The  number  of  points  used  to  make  up  the  different  loci  varies  froa 
worker  to  worker,  as  does  the  range  of  rainfall  rates  covered.  The  great 
majority  of  the  points  in  each  case  lie  between  5 and  50  ras  hr"*. 

A locus 


Z - 243  R1,57  i a factor  1.22 


(4.1) 
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TABLE  4.1 


z 

Author 

Location 

How  locus  determined 

208  Rx«» 

Waxier  (1948) 
on  Anderson's 
(1947)  data 

Hawaii 

least  squares  fit  (49  points) 

269  R1*55 

Mt.  Washington* 
observation  (1951) 

Caibrldge,  Mass 

least  squares  fit  (63  points) 

a4  R1*5® 

Wexler  (1948)  on 
Laws  and  Parsons' 

data 

least  squares  fit  (98  points) 

200  Rl*6 

Revised  from 
Marshall  and 
Palner  (1948) 

Ottawa 

best  fit  by  eye  (with  a check 
to  centre  locus  aaongst  data 
at  that  slope)  (250  points) 

295  R1*61 

Hood  (1950) 

Ottawa 

best  fit  by  eye  (270  points) 

505  R1*44 

Best  (1950) 

Shoeburynecs 

257  R1*45 

Best  (1950) 

Tnyslas 

436  R1*64 

Best  (1950) 

East  Hill 

will  define  a bend  taking  in  the  firet  five  relation*.  If  we  include  Beet* a 
date,  the  locus  become*  (Z  * 364  R1*^  - a factor  1.7$).  As  well,  one  wust 
recognise  that  there  is  a Halt  on  the  accuracy  with  which  Z or  R can  be 
calculated  when  saaples  are  taken  fron  relatively  small  volumes  of  space.  The 
natural  variations  due  to  the  aethods  of  sampling  usually  eaployed  nay  lead 
to  an  uncertainty  in  Z of  t5  high  as  - 50Jl.  Thus,  if  on*  uses  a relation 
such  as  (4.1) , it  is  probably  good  to  within  a factor  2 over  a range  of 
moderate  rainfalls,  say  0.5  to  70  na0ir.  Until  more  is  known  about  the 
relationship  of  the  radar  quantity  Z to  a Meteorological  quantity,  such  as 
R,  this  uncertainty  will  have  to  be  accepted. 

* Mount  Washington  Observatory,  1951:  Contribution  to  the  theory  of  the 
constitution  of  clouds.  Quarterly  Progress  Report  of  the  Mount  Washington 
Observatory  staff  under  USAF  Contract  ..o.  kt'  19(122)-399,  Oct. 23. 
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4.2. Scattering 

The  curves  in  figure  3.1  showed  the  behaviour  of  the  exact  back- 

scattering  cross-sections  for  single  drops.  Haddock,  in  plate  6 of  his 

unpublished  report,  has  evaluated  the  exact  cross-sections  for  rain  of  various 

intensities  using  the  drop  sise-distribution  results  of  Laws  and  Parsons  (1943). 

Haddock's  data  has  been  replotted  in  figure  4.1  which  shows  ir  against 

1 

rainfall  for  two  wavelengths,  3 cai  and  0.9  at.  For  comparison,  the  Rayleigh 
approximate  back-scattering  cross-sections  are  shown  for  these  same  wave- 
lengths. They  are  derived  from  summing  equation  3.5  over  unit  volume  and 

substituting  £ D6  - 200  R1*6. 

1 

Haddock  does  not  give  a plot  of  the  exact  for  wavelengths  greater 

1 

than  3 cm,  but  the  10  cm  curve  will  be  identical  to  the  Rayleigh  cne  at  all 
but  the  very  heaviest  rainfalls.  At  0.9  cn,  the  exact  back-scattering  cross- 
section  is  larger  than  the  Rayleigh  for  low  rainfalls;  it  is  the  same  at  a 
rainfall  of  about  10  ms)/hr  and  then  becomes  less  quite  quickly  at  higher 
rainfalls,  being  some  7.5  db  below  the  Rayleigh  value  at  10  sm/hr.  This 
rapid  divergence  of  the  two  functions  at  0.9  cm  for  heavy  rainfalls  is  due 
to  the  rapid  descent  of  the  T"-curve  for  that  wavelength  (figure  3.1)  *t 
values  of  St  which  correspond  to  raindrop  diameters.  However,  wavelengths 
shorter  than  3 cm  are  not  used  in  rain  because  of  attenuation.  At  3 cm  wave- 
length, the  appropriate  values  of  pA  are  sosmwhat  lower,  and  on  the  basis  of 
figure  3.1  we  should  expect  the  exact  cross-section  to  be  above  the  Rayleigh 
value  for  heavy  rainfall  and  below  it  for  light.  Haddock's  curve  in 
figure  4.1  does  not  do  this,  but  the  difference  between  either  of  these 
"exact"  results  and  the  Rayleigh  curve  does  not  exceed  2 db  in  any  case. 
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E cr  (cm*  m-») 


FIG.  4.1  - Exact  and  Rayleigh  approximate  back-scattering  cioas-sections 
par  unit  volume  of  rain-fillad  space,  plotted  against  rainfall 
intensity. 
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4.3  Attenuation  by  Rail 

For  rain,  the  Rayleigh  approximation  for  attenuation  dots  not  apply 
txetpt  for  wavelengths  of  10  ea  and  longer.  Htnet  tht  attanuatlon  through 
rain  la  not  given  by  aquation  (1.6),  but  do.  ends  on  disaster  at  wall  aa 
water  content. 

The  data  published  by  Laws  and  Parsons  has  been  used  by  Ryde  (1945, 
1946)  and  by  Haddock  to  predict  the  attenuation  at  various  wavelengths  by  a 
given  rate  of  rainfall.  The  authors  have  repeated  sons  of  Haddock's  cal- 
culation*, using  Laws  and  Parsons'  data  as  plotted  by  Rigby  and  Marshall 
(1952)  and  Haddock's  ratio  in  figure  3.1.  In  figure  4.2  these  various 


calculated  attenuations  are  plotted  against  wavelength  for  several  rates  of 
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Sow  of  th  same  results  are  replottod  in  figure  4.3.  Here  the  abaci*?* 
is  rainfall  rate  in  ime/hr  and  the  ordinate  is  attenuation  divided  by  rainfall 
rat*.  The  values  given  by  th*  Rayleigh  approximation  (equation  1.6)  are  shown 
as  broken  lines  for  comparison.  Th<  ordinate  in  this  diagram  is  th*  factor  k 
in  Ryde's  (1946)  section  7;  he  suggests  that,  for  many  purposes,  it  may  be 
taken  as  constant  for  a given  wavelength.  At  10  cm  wavelength,  data  is  searc* 
because  Lowan's  tables  cannot  be  used,  but  Ryde's  two  points,  together  with 
the  knowledge  that  the  Rayleigh  value  can  be  used  at  low  rainfall  rates,  show 


FIG.  4.3  - Attenuation/rainfall  versus  rainfall  for  vari.-us  ./avclcnrths . 
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that  k is  very  Marly  conat,  it,  but  baa  such  * small  value  that  it  la  mg- 
lifibla  for  radar  purposes.  At  3 cm,  k is  by  no  Mans  oonatant  and  can  bo 
represented  reasonably  wall  by  tho  empiric «1  relation  k • 0.009  R0*^,  where 
R ia  tha  rainfall  rata  in  wm/hr,  However,  if  tha  rainfall  rata  la  known  to 
11a  in  a restricted  range  on  any  particular  occasion,  a suitable  Man  value  for 
k oould  be  used.  At  9 m,  k ia  vary  Marly  constant  again,  though  it  is  5 to 
10  tinea  tha  corresponding  Raylaigh  value.  This  is  because  Haddock's  ratio  is 
near  its  navi—  for  these  drop  slaes  at  this  waveleigth. 

Whenever  k can  be  taken  as  constant,  tha  attenuation  in  db  over  tho 
path  is  sinply  k tines  the  integral  of  rainfall  rata  along  tha  path  in 
kn-M/hr. 

Tha  data  of  figure  4.3  is  only  plotted  at  widely-spaced  wavelengths,  so 
it  is  not  suitable  aa  it  stands  as  a design  chart  for  selecting  a wavelength  for 
a particular  purpose.  It  is  found,  however,  that  in  figure  4.2,  which  is  a log- 
linear  plot,  the  Hyde  curves  are  Marly  straight  lines  from  3 on  to  10  an  wave- 
length. At  10  wm/tw , for  example,  attenuation  is  halved  for  an  increase  of 

1.1  cm.  At  100  ssa/hr,  the  curve  is  not  so  liMar  but  the  average  slope  is  similar. 

These  facts  mske  it  possible  to  interpolate  on  figure  4.3  and  hence  predict 
the  wavelength  at  which  a given  total  attenuation  will  be  encountered  over  a 
given  path.  In  Table  7.1,  the  data  for  attenuation  by  rain  for  four  wavelengths 
at  IRC  is  sufsasrised. 

To  deteralne  exactly  the  effect  of  temperature  on  the  curve  of  figures 

4.2  and  4.3*  it  is  necessary  to  have  a set  of  curves  of  Kie/Q^  Rayleigh 
similar  to  those  of  figure  3.1  for  the  refractive  indices  of  water  st  the 
required  wavelengths  at  each  temperature*  Ryde  apparently  computed  these 

* This  involves  lengthy  computations,  yielding  a set  of  tables  the  else  of 
Lowan's  (19 W)  Tor  each  temperature. 
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fro*  first  prlnci  .as  for  a number  of  temperatures,  since  he  quotes  values 
for  the  attenuation  at  other  than  18C  (Ryde  1945) . At  that  time  he  used  the 
refractive  index  values  quoted  by  Saxton  (1946),  some  of  which  differ  from 
the  more  recent  values  of  Saxton  and  line  (1952), 

An  exact  evaluation  being  too  lengthy,  the  authors  obtained  approximate 
values  for  the  attenuation  at  OC  for  two  rainfall  rates  at  wavelengths  of 
0.9,  1.24,  1.8  and  3.2  cm,  by  interpolating  amongst  the  curves  of  figure  3.1* 
Interpolation  is  possible  since  the  position  of  the  rising  part  of  these 
curves  (the  important  part  for  raindrop  slsas  at  these  wavelengths)  was  found 
to  depend  mostly  on  the  real  part  of  the  refractive  index.  The  values  for 
attenuation  by  rain  at  OC  obtained  in  this  way  were  compared  with  those  at 
ISC  and  plotted  as  a correction  curve  in  figure  4.4;  the  temperature  correction 
curve  of  Ryde  (1946,  figure  7)  is  shown  for  comparison.  They  indicate  a 
decrease  in  attenuation  in  this  wavelength  region  of  about  10J(  as  the  tem- 


• McGill  estlaates 


FIG.  4.4  - Approximate  temperature  correction  curve  for  attenuation 
by  rain  (Fig.  7 of  Ryde  (1946))  with  four  McGill  values 
superimposed. 


perature  drop*  fro*  IS  to  0°C,  where  Ryd*  found  * 3<#  decrease.  However, 
since  the  McGill  valuta  art  baaad  on  an  intarpolatlon  whose  validity 
could  ba  questioned,  it  appears  that  Ryde's  (1945)  data,  from  which  figure 
4.4  was  drawn,  oust  ba  considered  the  moat  reliable  available, 
fta»a  aajadcm 

Sxperiments  by  Blanchard*  on  water  drop*  in  the  laooratory  subset 
that  in  falling  the  larger  raindrop*  are  flattened  into  roughly  oblate 
spheroidal  shape  with  axis  vertical.  Blanchard  alao  shows  that  when  a 
large  drop  catches  up  and  collides  with  a smaller  on*  it  will  oscillate 
about  an  equilibrium  shape.  Such  oscillations  can  also  occur  as  a result 
of  aerodynamic  forces  on  the  drop  as  it  falls.  At  any  tiae,  therefore,  a 
fraction  of  the  total  number  of  drops  in  the  contributing  region  is  non- 
spherical.  Mie's  theroy  does  not  apply  to  non-spherical  particles,  and 
no  complete  theory  for  spheroids  is  available.  An  approximate  theory  for 
small  spheroids  which  is  analogous  to  the  Rnyleifdi  approximations  has 
been  used  by  Atlas,  Kerker  and  Hitschfeld  (1953)  however,  and  they  find 
the  the  flattening  diminishes  scattering  and  attenuation  with  vertical 
polarization  and  enhances  it  with  horizontal  polarization.  There  la  not 
much  data  available  so  far  on  the  shape  of  falling  rain.4” 

This  effect  cannot  account  for  the  difference  between  measured  and 
predicted  averags  received  power  because  the  observations  were  mao*  with 
horison tally  polarised  radars,  which  would  lead  to  greater  measured  powers 
rather  than  smaller. 

1 ““ 

Blanchard,  D.C.,  19^8:  Observations  on  the  behaviour  of  water  drops  at 
terminal  velocity  in  air.  General  Electric  Research  Laboratories:  Project 
Cirrus,  Occasional  Report  Ho.  7, 

2 

Jones,  D.H.A.,  1952:  Raindrop  camera  and  t. je  preliminary  results. 
Proceedings  of  the  Third  Radar  Heather  Conference,  McGill  University, 

P®ge  B-9. 


5.  SNOW 


5.1  Scattering  by  Snow 

Dry  anow  consists  of  ics  parti  :ies,  either  single  or  aggregated.  In 

the  centiaetre  region,  ice  has  a dielectric  constant  of  3.17  which  is  much 

less  than  that  of  water  and  is  independent  of  wavelength;  in  the  Rayleigh 

region,  scattering  is  proportional  to  |k|^  and  so  the  saall  absorption 

coefficient  k/of  ice  can  be  neglected.  It  turns  out  that  the  back-scatter 

cross-section  C for  an  ice  sphere  is  only  aoout  0.2?  times  that  for  a water 

sphere  of  the  sane  mass  at  3 ca  wavelength. 

Although  an  aggregate  flake  consists  of  a mixture  of  air  and  ice  of  low 

assn  density,  it  can  be  shown  (Marshall  and  Gunn,  1952)  that  4*  is  the  saae 

as  that  for  the  same  mass  of  ice  in  compact  fora.  Calculations  by  Atlas, 

Kerker  and  Hitachfeld  (1953)  and  by  Labrua*  indicate  that  the  shape  of  ice 

particles  or  snowflakes  is  unimportant  and  that  the  cross-sections  are  only 

slightly  greater  than  those  for  spheres  of  the  same  mass  (never  more  than 

twice  as  great).  This  means  that  for  snow  can  be  predicted  by  catching 

1 6 

a sample  of  snowflakes,  melting  them,  measuring  i D for  the  resulting  drops 

X 

and  allowing  for  the  velocity  of  fall  and  the  dielectric  factor. 

This  was  done  in  Canada  by  Langille  and  Thain  (1951)  who  also  made  radar 
measurements  at  the  saae  tiae.  The  agreement  with  the  fora  of  equation  (l.l) 
was  within  the  scatter  of  the  observatione,  but  the  received  power  was  4 db 
less  than  predicted.  As  in  the  rain  measurements,  this  difference  is  unexplained. 

Langille  and  Thain*s  results,  on  further  analysis  (Marshall  and  Gunn,  1952) 
yield  an  empirical  relation  between  Z and  R,  where  Z refers  to  unit  volume 

* Reported  by  A,  J.  Higgs:  Proc.  Third  Radar  Weather  Conf.,  McGill  University, 
1952,  page  F-29. 
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of  snowstem  and  is  the  sum  f the  sixth  power-,  of  the  diameters  of  the  flakes 
when  melted,  and  R is  the  snowfall  rate  at  the  ground  measured  in  millimetres 
of  water  per  hour.  The  overall  relation  is  Z • 200  R^,  identical  with 
Canadian  results  for  rain.  Since  the  reflectivity  of  ice  is  0.22  times  that 
of  water,  radar  echoes  fro*  snow  are  0.22  times  those  from  rain  of  the  same 
rainfall  rate. 

$.2  Attenuation  by  Snow 

Attenuation  by  snow  will  be  partly  due  to  scattering  out  and  partly  due 

to  absorption  of  the  incident  energy  (section  3*2). 

According  to  equations  (1.5)  and  (3.8)» 

attenuation  (db/ka)  • 0.4343  H 0* 

1 

- 0.4343  (£  Q,  ♦ ^Q.). 

1 1 

We  can  use  the  approximate  expressions  (3.6  and  3.7)  if  the  wavelength  is 
long  compared  to  the  particle  diameters;  the  values  of  |K|^  and  Im(-K)  to 
be  used  are  listed  in  table  2.2  and  are  based  on  Cumming's  (1952)  values. 

This  gives 

attenuation  at  PC  (db/km)  • 0,00349  ♦ 0.00224  5 , (5.1) 

A.4  *■ 

Ryde  (1946)  suggests  that  attenuation  by  snow  in  the  Rayleigh  region  and 
at  centimetric  wavelengths  is  given  by  the  second  term  only.  In  Table  7.1,  values 
of  the  attenuation  calculated  x’rom  equation  (5.1)  for  3 temperatures  show  that 
the  first  term  (scattering  out)  becomes  important  on  going  to  wavelengths 
1 cm  and  lower.  Since  Ryde  (1946)  used  refractive  index  values  of  Dunsmuir 
and  (1945)  his  formula  for  attenuation  by  snow  must  be  multiplied  by 
roughly  2 to  get  the  second  term  in  equation  (5.1). 
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Atlas,  Kerker  and  Hitschfeld  (1953)  show  that  randomly  oriented 
small  water  spheroids  scatter  and  attenuate  more  strongly  than  water  spheres 
of  the  sane  volusw;  the  increase  Is  by  a factor  of  20  or  sore  if  the  axes 
of  the  spheroids  are  10  times  their  diameters. 

Lab rum*  has  computed  the  scattering  by  an  ice  ellipsoid  coated  with 
water  for  wavelengths  large  compared  with  the  sise  of  the  particle  (corres- 
ponding to  the  Rayleigh  approximation  for  spheres).  He  finds  that  even  for 
comparatively  thin  coatings  the  composite  particle  scatters  nearly  as  well  as 
an  all-water  particle  of  the  same  shape.  He  confirmed  this  result  experi- 
mentally. 

Extrapolating  from  the  results  of  Labnim  for  small  water-coated  ice 
spheroids,  and  Langleben  and  Qunn®(  1952)  for  larger  water-coated  spheres  and 
the  above-mentioned  shape  effects  for  water,  it  seems  not  unreasonable  to 
assume  that  the  scattering  and  attenuation  by  water-coated  ice  spheroids  of 
the  size  of  wet  snowflakes  at  radar  wavelengths  is  similar  in  magnitude  to 
that  of  spheroidal  water  drops  of  the  same  shape  and  size. 

This  can  account  for  the  bright  band  which  always  appears  in  radar  pic- 
tures of  steady  rain.  The  bright  band  is  due  to  a region  of  enhanced  re- 
flectivity a few  hundred  feet  thick  Just  below  the  0°  isothena.  In  the  light 
of  the  foregoing  discussion,  tho  mechanism  would  be  as  follows: 

Snow  falling  through  the  freezing  level  will  change*  from  flat  or 
needle-shaped  particles  or  aggregates  which  scatter  feebly,  to  similarly- 

* loc.  cit. 

**ibid 
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shaped  partieles,  which,  due  o a water  coating,  scatter  relatively  strongly. 
As  welting  proceeds,  they  lose  their  extreme  shapes  and  the  shape  factor 
decreases  to  1.  Also,  falling  with  greater  velocity,  the  master  of  particles 
in  wilt  vo).-~ r becomes  less. 

Attenuation,  like  scattering,  is  proportional  to  the  number  of 
ieles  per  unit  volume,  and  therefore  depends  on  the  velocity  of  fall.. 
Hater  spheroids  absorb  more  strongly  than  water  spheres,  and  coated  lee 
spheroids  presumably  absorb  like  water  spheroids.  Therefore,  absorption  by 
melting  snow  will  be  many  times  thnt  of  the  resulting  r»ln.  Although  the 
bright  band  is  comparatively  thin,  serious  attenuation  nay  take  place  when 
radar  observations  are  made  through  it  at  shallow  elevations. 

6.  CLOUDS 

Noe',  cloud  droplets  do  not  exceed  lOOp  diameter,  eo  that  at  centimetre 
and  millimetre  wavelengths  the  Rayleigh  formulae  (3.5)  (3.6)  and  (3.7)  apply 
for  droplets  and  equations  (1.3)  and  (1.6)  for  cloud. 

6.1  Scattering  from  Clouds 

Cloud  droplets  being  about  one-hundredth  the  diameter  of  raindrops, 
in  cloud  is  about  10^  less  than  in  rain.  However,  equation  (1.3)  for 

1 i. 

the  received  power  has  V*  in  thu  denominator,  so  that  it  is  possible  to 
overcome  some  of  the  effect  of  the  very  email  diameters  by  going  to  the 
shortest  practicable  wavelength.  Radar  sets  working  on  wavelengths  of  1.25  cm 
and  around  9 am  are  now  bolng  used  for  cloud  observations*  By  directing  the 

s 

See  "Proceedings  of  the  Third  Radar  Weather  Conference".  McGill  University, 
Montreal,  session  B. 
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antenna  vertict  1 y,  the  range  r0  is  made  a minimum,  and  most  clouds  visible 

to  the  eje  are  detected  by  the  receiver. 

Radar  Measures  the  quantity  Z ■ £,  D^,  whereas  a more  significant 

quantity  meteorologically  is  the  Jiruid  water  content  K»Sp  ^ iP,  To 

6 1 

relate  the  two  quantities  exactly  would  require  the  complete  drop  site  dis- 
tribution. However,  Atlas  and  Boucher*  after  studying  a number  of  such 
distributions  actually  observed  in  clouds,  report  that  a knowledge  of  the 
median  diameter  only  is  sufficient  for  a fairly  accurate  relationship,  since 
tne  shape  of  the  distribution  is  similar  for  all  clouds.  Even  without  this 
knowledge,  an  approximate  correlation  between  Z arid  H can  be  obtained 
because  the  median  diameter  shows  a definite  trend  with  M,  and  this  can  be 
Incorporated  in  the  empirical  law 

Z - 0.0292  M1*82, 

where  N is  in  ga  m'3,  and  Z in  ms£  a “3. 


$aii&»iifcL2nJg.  cisadi 

Since  the  cloud  particles  lie  well  within  the  Rayleigh  region  at  all  wave- 
lengths in  the  centimetre  band,  equation  (1.6)  applies.  The  liquid  water 

oontent  M • 5 £.  D^,  and  equation  (1.6)  becomos 
6 1 

attenuation  (db/km)  - 0.4343  ~ M la  (-*) 

A# 

for  one-way  transadssion.  Thus  attenuation  by  cloud  is  dependent  on  the 
liquid  water  content  and  is  independent  of  the  particle  sise-distribution. 

Values  of  the  attenuation  from  water  and  ice  clouds  are  given  in 
Table  7.1  as  a function  of  M for  four  wavelergths  and  three  temperatures. 

For  iee  clouds  as  well  as  water  clouds,  Qs  « Q4 . 
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loc.  cit,  pages  B 1-8 


7.  i'HE  ATMOSPHERE 


7.1  Scattering 

Booker  and  Gordon  (1950)  haw  shown  that  a turbulent  atnoaphere  aeattara 

radio  Mna  in  a Miner  depending  on  .tha  aeala  of  tha  turtailenee,  which  My 

wry  from  a f aw  on  to  a f aw  natraa.  In  particular,  long-range  point-to-point 

trananiaaion  at  eantinatra  wavelengths  eaa  taka  plaea  by  aweh  scattering.  Ia 

a typical  point-to-point  eaaa,  however,  Gordon*  baa  atom  that  rain  will  eon- 

tributa  nor*  aiptal  than  tha  tarbalMee  balow  about  1 antra  wavelength  and 

cloud  balow  about  3 an,  provided  thoy  fill  tha  apaaa  ohm  to  tha  traan^ttiag 

and  receiving  beeme.  Attaauation  by  tha  aana  rain  or  cloud  throu^out  tha 

path  My  however  raduea  tha  ai*»al  balow  that  for  elaar  turbulent  air. 

Booker  and  Gordon' a aquation  (2v)  given  acattarad  power  in  aay  direction. 

It  dapanda  on  tha  aeala  of  turbulence  X which  can  be  thoufht  of  aa  tha 

diaMter  of  tha  •blobe*  of  lnhonagenelty  in  the  turbulent  atnoaphere.  Making 

tha  approxtaation  ir  iA»l,  aubatituting  tha  appropriate  angle  of  acattarinf 

and  bribing  the  definition  of  into  line  with  aaation  1 of  tha  praaant 

1 

paper,  wa  obtain  _____ __ 

£,V  • ■ x 1CT6  cn2  a “3, 

1 21 

where  (fll)2  ia  tha  naan  square  deviation  of  refractive  index  in  parts  par 
million 

and  X ia  tha  scale  in  on. 


* Gordon,  V.  F,.,  1952:  A comparison  of  radio  scattering  by  precipitation  and 
by  i\  turbulent  atnoaphere.  Proceedings  of  tha  Third  Radar  Weather  Conference, 
McGill  University,  page  F-17. 
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7.2  Atmospheric  lttonu&tloa 


Tan  fleck  (1947)  has  discussed  la  detail  the  mechanise  of  attenuation 
la  tha  eltar  atmosphere. 

It  haa  b'*en  shown  by  infrared  spectroscopy  that  oxygen  molecules 
have  a magnetic  dipole  aoaent,  and  water  vapour  stoleculas  have  an  electric 
dipole  aoaent.  These  give  rise  to  lines  in  their  absorption  spectra 
which  lie  in  the  centiaetre  and  ailllaetre  region.  This  aeans  that  radio 
or  radar  propagation  is  subject  to  absorption  by  the  ojQrgen  and  water 
vapour  in  the  ataosphere. 

These  absorption  lines  are  subject  to  the  usual  amount  of  "pressure 
broadening".  In  water  vapour*  under  atmospheric  conditions*  the  most 
important  line  has  a line  half -width  of  about  0.1  cm’**  Since  the  wave- 
number of  the  line  iteelf  la  only  0.74  ca*1,  however,  the  line  is  relatively 
very  broad,  having  a resonant  wavelength  of  1.340  ca  with  half -width  of  about 
0.18  ca,  so  that  its  influence  extends  over  smeh  of  the  aierowave  region. 
Additional  effects  are  found  due  to  other  absorption  lines  in  the  neighbor- 
hood of  0*2  ca  wavelength. 

Sector  and  Sutler  (1946)  iwasured  the  daaplng  of  a large  cavity 
resonator  filled  with  air  and  water  vapour,  They  used  wavelengths  between 
0.75  ca  and  1.7  ca.  Their  results  are  plotted  as  part  of  curve  (c)  in 
figure  7.1.  The  experiments  were  performed  at  45C,  but  have  been  corrected 
to  20S  in  plotting  the  curve  to  bring  it.  ihto  line  with  the  other  curves. 

The  dashed  portion*  of  curve  (c)  are  calculation*  by  Van  Yleck  from  a 
theoretical  formula  with  the  constant*  ohosen  to  fit  3ccker  and  Autler's 
rssult*.  Curve  (c)  ie  drawn  foroee  g*  a~3,  and  attenuation  is  approximately 
proportional  to  water  vapour  content  in  the  amounts  encountered  in  the 
atmosphere. 
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Dick*,  Beringer,  Kyhl  i d Van*  (1946)  us*d  a radioaeter  to  Investigate 
absorption  bjr  ataosptaerlo  water  vapour  at  1.0  ca,  1.25  oa  and  1.5  ca.  Though 
th*  accuracy  is  not  high,  th*  r**ulto  aro  eooaistont  with  thoo*  of  Boekor  and 
Autler. 

Th*  situation  for  oxygen  differ*  in  two  respects  from  that  for  water 
vapour;  th*  aost  iaportaat  absorption  is  caussd  by  a nuaber  of  elo**ly*spae*d 
lines  instead  of  a single  lin*,  and,  in  addition,  oxygon  has  s lin*  st  aero 
frequency,  while  water  vapour  has  not. 

Tan  Tleck  (1947a)  predicted  the  positions  of  about  25  oxygen  absorption 
lines  between  0.45  and  0.56  ca,  and  the**  have  bean  aeasured  with  a sensitive 
microwave  speetroaeter  at  very  low  pressures  by  Barkhalter,  Anderson,  Salth 
and  Gordy  (1950).  At  ataospherie  pressure,  however,  pressure  broadening  converts 
then  into  an  unresolved  band  of  absorption.  Laaont  (1948)  aeasured  attenuation 
in  air  froa  0.45  to  0.58  ea  wavelength  over  a path  of  a few  ka  in  th*  field, 
and  hi*  results  are  plotted  as  points  in  figure  7.1. 

At  th*  tine  that  Tan  Vleck's  calculations  were  node,  it  was  believed  that 
th*  line  breadth  constant  AV  was  th*  saa*  froa  lin*  to  line,  though  its 
value  was  not  known.  Accordingly,  he  assigned  several  alternative  values  to 
Av  and  th*  predicted  attenuation  for  AV  • 0.02  ca"*  and  AV  • 0.05  ca"* 
are  plotted  against  wavelength  in  figure  7.1,  curves  (a)  and  (b).  (These  are 
similar  to  Ryde's  (1946)  figure  1,  curves  (a)  and  (b).) 

Tar.  Tleck* s predictions  include  a line  at  xero  frequency,  and  this  accounts 
for  *>st  of  the  attenuation  at  wavelengths  froa  1 ea  upwards*  Its  intensity 
is  directly  proportional  to  th*  lin*  breadth  and  therefor*  to  the  pressure,  but 

* An  alternative  approach  to  this  kind  of  absorption  can  be  wade  by  using 
Debye's  theory  of  polar  aolecules  in  dielectrics. 
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no  MuunMnti  appear  to  have  bean  aade  to  determine  the  line  breadth  constant. 
One  method  is  to  plot  the  theoretical  curves,  choose  the  one  which  fits  the 
measuied  value*  of  attenuation  in  the  0.5  cm  region,  and  assume  the  remainder 
of  the  curve  is  also  valid.  This  makes  AV  ■ 0,02  cm*1  the  best  choice 
(curve  (a)  of  figure  7.1)  because  it  fits  Lament's  results  the  best. 

Recent  measurements  on  pur*  oxygen,  however,  (see  Anderson,  Smith  and 
Oordy,  1952)  show  that  the  line  breadth  constant  varies  from  one  line  to 
another  in  the  0.5  cm  region;  its  value  lies  between  0.03  *nd  0.05.  We  cannot 
say  tdilch,  if  any,  of  these  values  applies  to  the  tero-frequeney  line,  so  the 
whole  attenuation  curve  for  dry  air  from  1 cm  wavelength  upward  is  unknown. 

Ro  measurement  has  been  »de  above  0.6  cm  specifically  to  define  the  curve, 
though  a single  reliable  measurement  at  a wavelength  between  1 and  10  cm  would 
suffice. 

The  possibility  remains  of  using  the  results  of  the  water  vapour  experi- 
ments already  mentioned,  by  extrapolating  to  sero  water  vapour  content. 

Because  of  their  particular  experimental  method,  Becker  and  Autler  found  it 
necessary  to  eliminate  the  contribution  of  oxygen  to  the  absorption  in  such  a 
way  that  it  cannot  be  determined.  The  Radiometer  method  of  Dieke  et  al  (1946) 
measured  combined  attenuation  of  oxygen  and  various  amounts  of  water  vapour, 
so  that  if  the  scatter  of  the  observations  were  small  enough  the  part  due  to 
oxygen  could  be  found  by  extrapolating  to  xero  water  vapour.  Only  the  results 
at  1,0  cm  wavelength  are  good  enough  for  this;  they  indicate  a most  probable 
value  which  lies  on  curve  (a)  (corresponding  to  AV  • 0,02  cm"*)  and  that 
the  attenuation  is  unlikely  to  be  as  great  as  shown  by  curve  (b)  which  cun 
be  taken  as  an  upper  Halt. 
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Tanpsrmtur  and  prsaaura  ara  -M  scut  tad  b 7 Tan  Tlaek  In  his  two  pa pars. 

For  a flaws  quantity  of  watar  vapour,  attomation  la  proportional  to  p”* 
and  to  T"2  10-27aA  «t  tbo  atrlw  of  tha  raaonaneo  curva,  to  p and  to 
f"3  io’^TSA  oq  tha  aidaa  of  tha  eurvaa,  and  to  p and  to  T"^2  wall  away 
fron  tha  raaonanea.  Of  oourss,  if  tha  air  is  leapt  aataratad  with  watar  vapour 
whila  tha  tiparatura  changaa,  tha  watar  vapour  ooutant  ltaalf  will  altar, 
and  thia  additional  faotor  mat  ba  takan  into  aeoount. 

Froa aura  affaet  on  atnoophorle  oxygon  arlaaa  fron  lnaroaaad  praaaura 
broadoninf  and  alao  fron  an  laeroaaa  in  tha  nanbar  of  nolaoulaa  par  unit 
voluna.  In  tha  raglon  of  atroaf  abaorption,  tha  attanuation  is  proportional 
to  p and  to  rVl,  but  in  tha  raglon  of  tha  "asro-frsqoansy*  abaorption 
(fron  aay  2 to  10  on  wavalanfth)  it  in  proportional  to  p2  and  to  T-5/2. 

Tabla  7.1  ia  a aunaary  of  tha  raaulta  of  tha  praoadinf  tactions  and  givsa 
wort  inf  valuaa  of  tha  attanuation  by  rain,  snow  and  a loads. 
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«#•  Motion  A. 3 and  figure  4.3. 

MTho  *f foot  of  t*wp* return  lo  diaeuaaod  in  auction  A. 3 and  auaaariand  In  fiauro  A*A.  Th* 
«ff*ct  of  non-aphnricity  on  Q_  and  Q.  haa  boon  n*xl*et*d.  . 

* Aa  lon«  u anowflakaa  ar*  in  th*  Haylalch  r*slon.  A aalu*  of  R«10  or  A^-fT  ia  an  up*#r 
Unit  for  anowfall  ratM. 
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8.  THE  DXIBKUQN  OP  FUTURE  RCS2ARCH 


8.1  Refractive  Indices 

The  nuund  values  of  the  refractive  index  of  Meter  for  various 
wavelengths  end  temperatures  are  quite  adequate  for  nicrowave- 
precipitation  work.  The  fact  that  the  snasured  values  fit  the 
theoretical  fortsulae  so  well  (see,  for  example  Saxton,  1946)  allows 
interpolation  and  extrapolation  about  these  values  to  be  Bade  with 
confidence. 

The  situation  for  ice  is  not  so  Mill  established*  There  is 
agreement  on  the  value  of  the  real  part  of  the  refractive  index  and 
on  its  independence  of  teaperature  and  wavelength  variation  In  the 
microwave  region.  However,  asasured  valuee  of  the  imaginary  part 
differ  by  a factor  2.  Probably  further  determination*  of  this 
quantity  are  In  order. 

8.2  Mu 

While  anomalies  in  raindrop  sise-distrlbutions  continue  to  be 
reported,  they  seen  to  appear  at  an  equilibrium  rate  and  make  a very 
small  dilution  of  the  general  broad  agreement.  Data  will  continue  to 
accumulate  as  an  adjunct  of  any  scattering  and  attenuation  measure- 
ments that  are  made.  For  a better  understanding  of  the  rain  mechanism, 
a more  detailed  study  of  the  sise-distribution  with  tine  from  a given 
shower,  and  variations  with  precipitation  type,  is  needed* 

Though  Ryde  (2945)  evaluated  the  attenuation  by  rain  at  four 
wavelengths,  and  various  temperatures,  the  work  may  bear  repeating  for 
the  slightly  changed  values  of  the  refractive  index  of  water  which 
have  been  reported  since  his  computations  were  made.  The  final  results 


should  not  be  very  dlf'  ;r*nt  but  in  view  of  the  appreciable 
attenuation  by  rain,  and  the  Magnitude  tf  the  computational  work, 
it  sight  be  worth  while  essentially  repeating  Rjrde's  work  by 
compiling  a table  of  the  Me  amplitude  functions  for  water  at  OC 
similar  to  Lowan's  (1949)  18C  table. 

If  non-spherical  drops  occur  in  natural  rain,  the  scattering 
and  attenuation  could  be  considerably  affected.  Shaped  raindrops 
are  thought  to  be  rare  but  a raindrop  photography  program  undertaken 
recently  by  the  Illinois  State  Water  Survey  should  provide  a definite 
answer  to  this  problem. 

There  is  a general  scarcity  of  point  to  point  measurements  of 
attenuation  by  rain. 

One  outstanding  unsolved  problem  is  the  source  of  the  4-7  4b. 
difference  between  the  actual  signal  received  from  both  rain  mnd 
snow  and  that  predicted  from  the  theory. 

8.3  SQ& 

The  dielectric  properties  of  ice  and  snow  and  wet  snow  have 
been  measured  in  the  lab  by  Cummiag  (1952).  There  is  still,  however, 
the  disagreement  about  the  value  of  the  imaginary  part  (k>)  of  the 
refractive  index.  Lebrun  in  Australia  has  observed  the  scattering 
from  single  melting  spheroidal  ice  particles. 

Tnere  has  been  little  experimental  work  done  on  either  scattering 
or  attenuation  by  falling  snow.  There  is  a need  for  laboratory 
experiments  to  study  the  melting  of  natural  snowflakes,  both  single 
crystals  and  aggregates.  Point  to  point  measurements  of  attenuation 
by  melting  3now  would  be  particularly  valuable. 


B.U  Cloud 

Laboratory  experiments  on  the  scattering  by  single  water 
spheres  have  been  done,  and  give  results  in  good  agreement  with 
theory.  Laboratory  experiments  to  determine  the  dielectric 
properties  of  water  cloud  are  possible  and  might  provide  amongst 
other  things  a possible  clue  to  the  4-7  db  discrepancy  between 
actual  and  predicted  scattering  mentioned  above. 

0.5  Atmosphere 

The  attenuation  due  to  water  vapour  has  only  been  measured 
at  wavelengths  0.7  and  1.7  cm,  but  the  necessaiy  theoretical  basis 
for  extrapolating  beyond  these  limits  seems  to  be  satisfactory. 

The  most  noticeable  gap  in  present  knowledge  of  atmospheric 
attenuation  is  a direct  and  reliable  measurement  of  the  tero-frequency 
line  in  oxygen  under  atmospheric  conditions. 

A laboratory  experiment  at  any  wavelength  over  1 cm  on  dry  air 
at  atmospheric  and  at  very  low  pressures,  or  a field  experiment  at 
any  wavelength  over  3 cm  at  a low  humidity  would  determine  the 
line  breadth  constant  and  remove  the  uncertainty  at  all  wavelengths 
above  the  0.5  cm  band.  However,  since  the  attenuation  appears  to  be 
not  much  greater  than  0.01  db/kra  it  is  difficult  to  measure  and  at  the 
same  time  usually  unimportant  in  practice.  Any  application  in  which 
it  becomes  important  to  know  it  precisely  will  probably  suggest  a way 
of  measuring  it  accurately. 


